The induction of hsp70 protein in the mammalian Two characteristic features of the heat shock re-nervous system has been reported in response to a varisponse, (i) induction of hsp70 protein and (ii) nuclear ety of neural traumas [reviewed in 15, 16]. The cellular translocation of constitutive hsc70 and stress-induc-and temporal pattern of hsp70 induction varies deible hsp70 protein, were utilized as markers of cellular pending on the nature and severity of the neural insult. stress in the rabbit brain. Following a physiologically The pattern of hsp70 induction has been found to relevant increase in body temperature of 2.7 { .3ЊC, match the known histopathology of the various traunonneuronal cell types, such as ependymal cells and mas, thus establishing the usefulness of hsp70 inducoligodendrocytes, undergo a stress response as as-tion as a marker of cellular stress in the nervous system sayed by the above criteria. In contrast, several neu-[reviewed in 16].
INTRODUCTION
studies [reviewed in 21, 23] . Use of hsp70 protein induction alone as a marker of cellular stress may not The effects of temperature elevation on the metabobe sufficient to predict whether neurons are perturbed lism and structure of mammalian cells has been well following a hyperthermic insult. documented [1, 2] . Cellular and biochemical features
In order to investigate the neuronal response to heat of the classic heat shock (stress) response include (i) shock in more detail, we have analyzed an additional an overall decrease in ongoing protein synthesis, (ii) characteristic feature of the cellular stress response, induction of heat shock mRNAs and proteins (hsps), namely, nuclear translocation of constitutive hsc70 and (iii) nuclear translocation of hsps, and (iv) collapse of stress-inducible hsp70 proteins. Nuclear translocation elements of the cytoskeleton [1, 2] . Induction of hsps, of hsp70 protein has been used in tissue culture experiin particular hsp70, by stressful stimuli has attracted ments as an indicator of cellular stress [24] . The comconsiderable attention. Synthesis of hsp70 protein may bined use in the present study of two markers of cellube triggered in response to increases in denatured prolar stress (hsp70 induction and nuclear translocation teins which are generated by heat and other forms of of hsc70/hsp70) is unique in the investigation of the in stress [reviewed in [3] [4] [5] . Hsp70 participates in the revivo neuronal response to hyperthermia. It provides covery of the cell from such perturbations [6] . Recently, the means for a more detailed assessment of the neuhsp70 has been shown to be involved in the in vitro ronal response to stress in the intact mammalian nerrenaturation of denatured proteins [7] . Several studies have supported a role for this stress protein in the pro-vous system. tection of mammalian cells from the lethal effects of
In this report we demonstrate that several populaheat and other stresses [8 -14] .
tions of neurons require a more severe hyperthermic insult before eliciting a basic feature of the stress response, namely, nuclear translocation of hsc70 protein.
duce hsp70 protein and translocate hsc70/hsp70 to the nucleus following lesser increases in body temperature.
MATERIALS AND METHODS
Induction of hyperthermia. Body temperature of 1.6-kg male New Zealand white rabbits (39.6 { .2ЊC) was elevated by either 2.7 { .3ЊC (standard hyperthermic treatment) or by 3.4 { .2ЊC (more severe hyperthermic treatment) by the intravenous injection of 100 mg/kg LSD as previously described [25] . Maximal rectal temperature was obtained approximately 1 h after drug injection and returned to normal temperature by 4 h [26]. Colonic temperature was monitored FIG. 1. Specificity of antibodies for constitutive hsc70 and stresswith a rectal thermister probe. It has been shown that rectal temperinducible hsp70 proteins in the rabbit cerebellum. A two-dimensional ature in rabbits is an accurate representation of body temperature Western blot analysis was carried out on control (CON) and 5-h postof organs and that rectal temperature and organ temperature inheat shock (HS5) cerebellar extracts (100 mg) immunostained with crease in parallel during hyperthermia [27, 28] . Induction of heat antibodies specific to either hsp70 [N6F3-3(N6)] or constitutive hsc70 shock proteins correlated with the drug-induced hyperthermia. Pre-(1B5). The H7 antibody was utilized as a reference to identify both vention of hyperthermia by injection of the drug into rabbits mainsets of isoforms as it reacts to hsc70 and hsp70. tained in a cold room at 4ЊC eliminated the phenomenon; however, other physiological and behavioral effects were still apparent [25,
RESULTS

29]
. Animals (four to five per time point) were sacrificed after the appropriate time intervals.
Specificity of Antibodies for Constitutive hsc70 and
Two-dimensional gel electrophoresis and Western blot procedure.
Stress-Inducible hsp70 Proteins
Cerebellar protein samples were analyzed by two-dimensional gel electrophoresis according to the method of O'Farrell [30] . Aliquots
The hsp70 multigene family is composed of members of protein (100 mg) were solubilized in 10 vol of lysis buffer (9.5 M which encode constitutively expressed hsc70 and urea, 2% Nonidet P-40, 5% ampholines (Bio-Rad), pH 3 -10, 5% bstress-inducible hsp70 proteins. As shown in Fig. 1 by mercaptoethanol). Isoelectric focusing in the first dimension was performed in cylindrical gels containing 4% acrylamide, 9 M urea, 2% two-dimensional Western blotting, the H7 antibody Nonidet P-40, and 2% ampholines composed of 0.8% pH 4-6, 0.8% (middle panel) recognized both constitutive hsc70 and pH 6 -8, and 0.4% pH 3 -10. Cathode and anode buffers were 20 mM stress-inducible hsp70 isoforms in the rabbit cerebelNaOH (degassed) and 10 mM H3PO4 , respectively. Gels were run for lum, while the N6 antibody (top panel) was specific 16 h at 400 V, followed by 1 h at 800 V. The cylindrical gels were in detecting only hsp70 isoforms. In contrast, the 1B5 equilibrated for 1 h in sample buffer (10% glycerol, 5% b-mercaptoethanol, 2.5% SDS, and 62.5 mM Tris -HCl, pH 6.8). The gels were antibody (bottom panel) was specific in detecting conthen fused with 0.75% agarose onto 10% acrylamide slab gels with stitutive hsc70 isoforms with no cross-reactivity to a 5% stacking gel and electrophoresed in the presence of SDS utilizhsp70 isoforms.
ing the discontinuous buffer system of Laemmli [31] .
The presence of basal levels of hsp70 in the control The proteins were then electrophoretically transfered onto nitrocerebellum ( Fig. 1, CON) was detected by the sensitive cellulose membranes and processed for Western blot analysis. Briefly, blots were treated as follows: four washes of 5 min in TBST ECL Western blotting system with the N6 antibody.
buffer (10 mM Tris, 0.25 M NaCl, 0.05% Tween 20, pH 7.5), blocked Basal levels of hsp70 protein in unstressed tissues have for 2 h at room temperature in 2% purified BSA in TBST with 0.02% been reported previously [8, 32 -34] . Following hypersodium azide, and then incubated 14-16 h with primary antibody. thermia ( Fig. 1, HS5 ) the level of the hsp70 isoforms
The antibodies used were as follows: N6F3-3 (N6) monoclonal antiincreased in the cerebellum, whereas the level of constihsp70 and H7 anti-hsc70/hsp70 antibody (gift from W. Welch) diluted 1:40,000 and 1:50,000, respectively, in 1% purified BSA in TBST and tutive hsc70 isoforms, which were detected with the 1B5 monoclonal anti-hsc70 (gift from A. Laszlo, now available from 1B5 antibody, did not. anti-hsp70 antibody appeared to recognize the full Immunocytochemistry. Brain and spinal cord tissue was prespectrum of hyperthermia-inducible hsp70 isoforms pared as described previously [ 18] . Frozen cryostat sections (25 mm) which are synthesized in the cerebellum in response to were incubated for 20 min at room temperature in 0.1 M PBS, pH physiologically relevant hyperthermia. hsp70 antibodies in the rabbit nervous system ( Fig. 1 ), an immunocytochemical analysis of the heat shock vivo and in vitro, show a dampened hsp70 induction response compared to glial cells [21, 23] . High constituresponse was carried out in order to characterize the cellular stress response to hyperthermia. Several neu-tive levels of hsc70 protein have been reported in these neuronal cells which may play a role in dampening ronal and nonneuronal cell types were compared in this analysis. Two characteristic features of a heat shock hsp70 induction [18] . Since ependymal cells in the rabbit brain translocate constitutive hsc70 to the nucleus response, (i) induction of hsp70 protein and (ii) nuclear translocation of constitutive hsc70 and stress-inducible at 1 h following hyperthermia of 2.7 { .3ЊC, we next determined if a nuclear translocation of hsc70 protein hsp70, were utilized as markers of cellular stress.
In control animals ( Fig. 2A) , a cytoplasmic localiza-occurred in neurons in response to a similar hyperthertion of constitutive hsc70 was detected in ependymal mic treatment. Figure 4 shows five neuronal cell popucells of the choroid plexus (see cell indicated by arrow) lations at the 1-h hyperthermic time point immunoutilizing the constitutive hsc70-specific antibody 1B5. stained with the hsc70-specific antibody, 1B5. Nuclear Following a physiologically relevant increase in body translocation of hsc70 protein was not apparent in temperature of 2.7 { .3ЊC (Fig. 2C) , translocation of these neuronal cell populations including Purkinje, corconstitutive hsc70 protein to the nucleus was observed tical, deep cerebellar, thalamic, and granule neurons followed by a return to the cytoplasm by 5 h post-heat of the dentate gyrus (Figs. 4A -4E, respectively). The shock (Fig. 2E) . No apparent increase in constitutive hsc70 protein remained in the neuronal cytoplasm of hsc70 protein was observed in ependymal cells follow-1-h hyperthermic animals. Similar results were obing heat shock (compare Figs. 2A and 2E). Previous in tained at 1 2 h heat shock and at 1 and 2 h post-heat vitro studies have also shown that constitutive hsc70 shock (data not shown). In a previous study, the inducprotein undergoes a nuclear translocation following tion of hsp70 protein was not detected in Purkinje neuheat stress in cultured mammalian cells [1] . Using the rons of the cerebellum following a physiological temperhsp70-specific N6 antibody, a cytoplasmic distribution ature increase [18] . Similarily, no induction of hsp70 of basal hsp70 was observed in ependymal cells in con-protein was detected in the neuronal populations examtrol animals (Fig. 2B) , with a translocation of hsp70 to ined here (data not shown). the nucleus following 1 h heat shock (Fig. 2D) . By 5 h
The lack of nuclear translocation of constitutive post-heat shock (Fig. 2F) , hsp70 levels had increased hsc70 protein was not observed in all neuronal cell greatly compared to those of controls (Fig. 2B ) and the types. Immunocytochemistry with the constitutive signal was localized to the cytoplasm.
hsc70-specific 1B5 antibody demonstrated high levels An immunocytochemical analysis of the heat shock of hsc70 protein in motor neurons (arrow) of the spinal response in the glial-enriched corpus callosum was also cord of the control rabbit (indicated by arrow in Fig. carried out utilizing the hsp70-specific N6 antibody 5A). Interestingly, hsc70 appears to be present in the (Fig. 3) . Oligodendrocytes in this brain region exhibited nucleus of control motor neurons in contrast to the an induction of hsp70 protein following hyperthermia other neural cell types shown in Fig. 4 . In 1-h hyper-(compare control, Fig. 3A , with 5 h post-heat shock, thermic animals, translocation of hsc70 protein to the Fig. 3D ). Initially, hsp70 protein was observed in the nuclei of spinal cord motor neurons was apparent (Fig.  cytoplasm of oligodendrocytes (Fig. 3B ) and rapidly 5B) followed by a return to the control pattern at 5 h translocated to the nucleus (Fig. 3C) followed by a cyto-post-heat shock (Fig. 5C ). The transient nuclear reloplasmic localization at 5 h post-heat shock (Fig. 3D) . calization of the constitutive hsc70 protein at 1 h sugThe lag time in the nuclear accumulation of hsp70 in gested that these neurons were stressed by the hyperoligodendrocytes in comparison to ependymal cells is thermic treatment and exhibited one of the classic fealikely due to the time required to synthesize hsp70. tures of the heat shock response. To determine whether Ependymal cells already contain basal levels of hsp70 these neurons also induced hsp70 protein, an immunoprotein before heat shock and translocation of the en-cytochemical analysis of 5-h post-heat shock spinal dogenous protein was rapid.
cord tissue was undertaken utilizing the inducible These results indicate that in response to hyperther-hsp70-specific antibody N6 (Fig. 5D) . Induction of mia of 2.7 { .3ЊC, ependymal cells and oligodendrocytes hsp70 protein was not detected in these motor neurons in the rabbit brain demonstrate two characteristic fea-(outlined by arrows in Fig. 5D) ; however a robust inductures of a stress response, namely, induction of hsp70 tion was noted in neighboring glial cells (arrowheads). protein and translocation of hsc70/hsp70 into the nucleus.
Nuclear Translocation of hsc70 Protein in Neurons Effect of Hyperthermia on the Intracellular Following an Increased Degree of Hyperthermic Localization of Constitutive hsc70 Protein Stress in Neuronal Cell Types
Our standard hyperthermic conditions did not result Previous studies have shown that in response to hyperthermia, several neuronal cell populations, both in in the nuclear translocation of hsc70 protein in several Fig. 1 to be specific in recognizing either constitutive hsc70 protein (1B5 antibody) or stress-inducible hsp70 protein (N6 antibody). Bar, 10.9 um. Nu, nucleus; Cy, cytoplasm; arrow, ependymal cell. neuronal cell types (Fig. 4) , with motor neurons of the tions in cellular morphology and metabolic activities [2, 35] . The induction of hsp70 and nuclear translocaspinal cord being the exception (Fig. 5) . The effect of increasing the degree of hyperthermic stress from 2.7 tion of hsc70/hsp70 following heat stress is believed to facilitate repair processes [1, 6, [36] [37] [38] . The observa-{ .3ЊC to 3.4 { .2ЊC over normal body temperature was next examined (Fig. 6) . The increased hyperthermic tion of these two characteristic features of a heat shock response in the nonneuronal cell types indicates that stress resulted in the nuclear translocation of hsc70 protein in thalamic neurons of the anterior dorsal thal-they are stressed by the hyperthermic insult.
Examination of several neuronal cell populations inamus (Fig. 6B) , cortical neurons of the cerebral cortex (Fig. 6C) , and granule neurons of the dentate gyrus cluding Purkinje, hippocampal, thalamic, and cortical neurons revealed neither induction of hsp70 nor nu- (Fig. 6D ) in 1-h hyperthermic animals. Nuclear translocation of hsc70 protein was also observed in some, but clear translocation of hsc70 following elevation of body temperature by 2.7 { .3ЊC. Cellular differences in the not all, Purkinje neurons in the cerebellum (Fig. 6A) .
To investigate whether the increased level of hyper-induction of the heat shock response in the brain are unlikely to be a result of differential heating since glial thermia triggered neuronal induction of hsp70, an immunochemical analysis was undertaken with the cells which demonstrated features of a heat shock response were found adjacent to nonresponsive neuronal hsp70-specific N6 antibody (Fig. 7) . Despite the nuclear translocation of hsc70 in neurons which was observed cells (see Figs. 5 and 7) . The lack of a heat shock response in these neuronal cell populations, in contrast following the more severe hyperthermia (Fig. 6) , neuronal induction of hsp70 was not apparent in Purkinje to ependymal cells and oligodendrocytes, suggests that these cells may be buffered against a physiologically neurons of the cerebellum (Figs. 7A and 7B) or granule neurons of the dentate gyrus (Figs. 7C and 7D ). An relevant temperature increase. A different response was noted in motor neurons of the spinal cord. Nuclear induction of hsp70 protein in adjacent glial cells was observed in the cerebellum and dentate gyrus (indi-translocation of hsc70 was observed in these neurons indicating that these cells may be more sensitive to the cated by arrowheads).
hyperthermic stress than the other neurons examined in this study.
DISCUSSION
We have suggested that several populations of large Studies on the cellular stress response in mamma-neurons in the rabbit brain may be buffered against lian cells have focused primarily on the induction of physiologically relevant increases in body temperature, hsp70. This protein is a useful marker of cellular stress due to their high constitutive levels of hsc70 protein in many cell types; however, previous studies both in [18, 20] . In addition to hsc70, neurons express high vivo and in vitro have indicated that induction of hsp70 constitutive levels of hsp90 mRNA and protein which is dampened in several neuronal cell populations fol-may also contribute to this buffering [39, 40] . Cells lowing heat shock compared to glial cells [21, 23] . In which have elevated levels of hsps, as a result of either this report, an additional characteristic feature of the priming by a sublethal heat shock [37, 38, 41] or transheat shock response, namely, nuclear translocation of fection with hsp70 cDNA [42, 43] , show a substantial heat shock protein, was used as an indicator of cellular reduction in phenomena which are associated with the stress to better characterize the in vivo neuronal re-heat shock response, such as transient inhibition of sponse to hyperthermia.
ongoing protein synthesis [37, 42, 43] , cytoskeletal col-A physiologically relevant increase in body tempera-lapse [38] , snRNP disruption [38, 41] , and nuclear proture of rabbits of 2.7 { .3ЊC resulted in the induction tein aggregation [44, 45] . The reduction in these pheof hsp70 and nuclear translocation of hsc70/hsp70 in nomena was apparent without induction of hsp70. In nonneuronal cell types (ependymal cells and oligoden-certain populations of large neurons, constitutively expressed hsc70 and hsp90 protein may be able to accomdrocytes). Heat shock results in a variety of perturba- modate the cellular perturbations which arise due to a was then observed in those neurons which did not translocate hsc70 following the 2.7 { .3ЊC increase. physiologically relevant hyperthermic stress of 2.7 { .3ЊC without induction of hsp70 protein. This avoidance Thus, these neurons are capable of initiating a basic feature of a stress response; however, a higher temperof the classic heat shock response after mild stress could have beneficial effects for those neurons since ature increase was required. It appears that a body temperature of 43ЊC in rabbits is needed to induce a potentially negative features of the stress response, such as transient inhibition of overall protein synthe-neuronal response at the level of nuclear translocation of hsc70. sis, might not be triggered.
A study by Marcuccilli et al. [46] suggested that the Studies have shown that the heat shock response in cells is dependent on the degree of stress and on levels lack of hsp70 induction in cultured hippocampal neurons compared to glial cells following heat stress was of preexisting hsps [37, 43, 56] . Our results indicate that the neuronal heat shock response may occur in not related to high constitutive levels of hsc70 or hsp90 protein since both types of cultured cells were found stages depending on the level of stress on individual cell populations. Following a fever-like temperature into have similar levels of these proteins. These results contrast with in vivo studies which have demonstrated crease of 2.7 { .3ЊC, a neuronal response is not observed, perhaps due to high levels of preexisting hsps. high constitutive levels of hsc70 and hsp90 mRNA and protein in several populations of neurons compared to In response to a higher degree of hyperthermic stress of 3.4 { .2ЊC, neuronal cells undergo a partial heat glial cells [18 -20, 39, 40, 47-50] . Steady-state levels of hsc70 and hsp90 mRNA and protein are increased shock response, namely, nuclear translocation of hsc70 protein.
Severe stress, such as ischemia, results in a three-to sixfold in rapidly dividing (serum-stimulated) tissue culture cells compared to growth-arrested cells full heat shock response in neurons involving induction of hsp70 protein [57] . Among the glial cell populations, [51] [52] [53] . Since glial cells in culture are rapidly dividing in contrast to cultured postmitotic neuronal cells, this a robust induction of hsp70 mRNA was observed in oligodendrocytes and microglia with no detectable remay account for the apparent discrepancies in hsc70 and hsp90 levels between in vitro and in vivo studies. sponse in GFAP-positive astrocytes in the forebrain [58] . Induction of hsp70 mRNA and protein was also Cultured cerebral cortical neurons have been found to be more susceptible to heat-induced cell damage observed in Bergmann glial cells of the rabbit cerebellum [18] . than cultured astrocytes [54] . It was suggested that the sensitivity of these cells may be due to their failure to
In this study, induction of hsp70 protein was not observed in several populations of neurons. Lack of induce hsp70 protein after injury. However, that investigation and most in vitro studies [23] have employed hsp70 protein induction in neurons following hyperthermic stress has been reported previously [reviewed supraphysiological increases in temperature of /6-8ЊC. Increases of that magnitude in vivo result in death in 21, 23]. Recent in vitro studies have offered possible explanations for this dampened hsp70 induction in of the animal; thus, they are not physiologically relevant. No morphological evidence of neuronal cell death neurons following heat shock. In Y79 retinoblastoma cells, diminished hsp70 induction appears to be the or damage was observed following physiologically relevant hyperthermic stress in vivo [55] . These observa-result of a chromatin-mediated effect which hampers access of the heat shock transcription factor (HSF1) to tions emphasize that care must be taken in extrapolating tissue culture results to the intact animal.
binding sites in the neuronal hsp70 promoter [59] . In cultured hippocampal neurons, the deficient heat shock Our results suggest that there are cell type differences in the temperature set point required for induc-response has been attributed to a lack of expression of HSF1 protein [46] . These mechanisms seem unlikely tion of the heat shock response in the mammalian nervous system. We examined the heat shock response explanations for the attenuated neuronal hsp70 induction which is observed in vivo since neuronal induction in rabbit brain following a more severe hyperthermic insult where body temperature was elevated by 3.4 { of hsp70 is apparent in vivo in response to severe traumas [15, 16] . For example, focal ischemia results in a .2ЊC. Translocation of hsc70 protein into the nucleus FIG. 6. Nuclear translocation of constitutive hsc70 protein in neurons following a more severe hyperthermic stress. The hsc70-specific antibody 1B5 was utilized to investigate the nuclear translocation of hsc70 in neurons of the cerebellum (A), the anterior dorsal thalamus (B), the cerebral cortex (C), and the dentate gyrus (D) following an increased degree of hyperthermic stress (see Materials and Methods). 
